Abstract -The male meiotic chromosomes of Drosophila willistoni are described and compared to Giemsa stained mitotic chromosomes. Meiosis was examined in males from two wild type stocks: WIP-4, an almost monomorphic stock, and 17A2, a high-inversion polymorphic stock. Hybrids between these stocks were also examined. Stocks and hybrids were cultured at 25ºC and at 29ºC, a temperature condition thought to induce male recombination associated with transposable element(s) mobilisation. Chromatin in primary spermatocytes is seen as pachytene and early diplotene bivalents, representing the two autosomal bivalents and a steady association between X and Y. Bivalents remain relatively extended from diplotene through anaphase I, which is followed by the conventional stages of meiosis II. Neither chiasmata nor chromatid bridges and fragments were detected in both control and experimental males. Thread-like bubble structures on the distal region of the X chromosome were observed in early diplotene cells from F1 male offspring between WIP-4 and 17A2 reared at 29ºC; their functional meaning is unknown.
INTRODUCTION
Drosophila willistoni is a widely distributed Neotropical species (SPASSKY et al. 1971) able to successfully inhabit the hot and humid South American forests and other regions at Southern temperate latitudes, including urban environments (VALENTE et al. 1993; GOÑI et al. 1998) . High levels of chromosome inversion polymorphism were described in natural populations of D. willistoni by Dobzhansky and Brazilian scientists in the 1950s (CORDEIRO and DOBZHANSKY 1954; DA CUNHA et al. 1950 , 1959 DA CUNHA and DOBZHANSKY 1954; DOBZHANSKY 1957; PAVAN et al. 1957 ) and were recently re-examined by VALENTE and co-workers (VALENTE and MORALES 1985; VALENTE and ARAÚJO 1986; VALENTE et al. 1993 VALENTE et al. , 2001 ROHDE 2000) .
With few exceptions, little attention has been paid to Drosophila male meiotic chromosomes. Cytological studies of Drosophila male meiosis have been carried out to study chromatin organisation (KREMER et al. 1986 ), chromosome pairing (COOPER 1964; for review see MCKEE 1998) , gene function (GOLDSTEIN 1980; GATTI and GOLDBERG 1991) and recombination (HENDER-SON et al. 1978; MATSUDA et al. 1983) . It is known that under normal conditions crossing over in males of Drosophila does not occur and the conventional early meiotic stages, i.e., leptotene-pachytene, are absent. Chromosomes are ready visualised as compact chromosomes at the onset of the first meiotic division (COOPER 1950) . Chromosome bridges and fragments in primary spermatocytes have been observed in hybrid males from D. melanogaster heterozygotes for a paracentric inversion on the second chromosome, and interpreted as crossover events (HEN-DERSON et al. 1978) . Evidence for the meiotic origin of male recombination in Drosophila ananassae has been produced by the presence of chiasmata in diplotene bivalents at frequencies that account for the observed genetic recombination, the occurrence of U-type chiasma, and anaphase I with bridges and fragments in males inversion heterozygotes (MATSUDA et al. 1983 , GOÑI 1988 .
Low but significant rates of male recombination between two inverted segments on the second chromosome in D. willistoni had been formerly reported by FRANÇA et al. (1968) . A dysgenesis-like phenomenon in D. willistoni was reported by REGNER et al. (1999) . Temperature-dependent gonadal dystrophy in hybrids, accompanied by the appearance of several mutations, was observed in the offspring from crosses between two stocks that differed in the number and genomic positions of P elements (REGNER et al. 1996) in the offspring from crosses between nine other stocks (KLEIN 2002) , and by the presence of hobo and gypsy elements (LORETO et al. 1998) in the genomes. Previous reports indicate that the hybrid dysgenesis system in D. melanogaster attributed to the P transposable element includes temperature-sensitive sterility, reduced fertility and fecundity (as found in D. willistoni by REGN-ER et al. 1999 and by KLEIN 2002) , and male recombination (KIDWELL et al. 1977) . The occurrence of high rates of male recombination in D. melanogaster produced by end-deleted P elements (SVOBODA et al. 1995) opens the question whether the male recombination in D. willistoni could be associated with mobilisation of any transposable element and/or with the phenomenon of gonadal atrophy of the offspring from crosses between several strains cited above.
As a starting point to approach those questions in further studies, this article describes the meiotic chromosome behaviour in male of D. willistoni heterozygous for paracentric inversions (in the second and third chromosomes) and reared at high temperature to test for the induction of male crossing over. For reference, the mitotic chromosomes of D. willistoni are reexamined in the light of modern cytological methods.
MATERIALS AND METHODS
Two wild type stocks, WIP-4 and 17A2, were chosen to examine both mitotic and male meiotic chromosomes in D. willistoni. WIP-4 is an old laboratory stock (collected 30 years ago) from Bahia State, North-eastern Brazil (14º12'S, 39º22'W), nearly monomorphic for inversions (except for the inversion III J). 17A2 is a wild type laboratory stock collected in 1991 from the Southern Brazilian locality of Eldorado, State of Rio Grande do Sul (30º05'S, 51º39'W) and is polymorphic for several paracentric inversions (only chromosomes II and III are considered): IIL A, B, D, E, F, H and I, which comprise between 11 to 33% of the total euchromatic arm length; IIR E comprises 16% of the arm length; and III A, B, C V 1 and J, which comprise between 5 to 13% of the total euchromatic chromosome length. As reported by REGNER et al. (1996) , these stocks differ in the number and position of P elements: 24 euchro- matic insertion sites were detected in the 17A2 stock but a unique chromocenter insertion site was found in the WIP-11A, a subculture of WIP-4. REGNER et al. (1999) reported temperature dependent levels of gonadal dysgenesis in the progeny of both inter-and intra-strain crosses involving WIP-11A and 17A2 populations. Based on these observations, male meioses were examined in individuals from the stocks indicated above and their (F 1 ) reciprocal hybrids reared at 25°C (control males) and at the restrictive temperature of 29°C ± 1°C (experimental males) to assay the occurrence of male crossing over. For crosses, three-hour virgin flies were crossed to young males more than one day old, in all cases, two additional replicates of each cross were performed. All flies were cultured on a standard Drosophila culture medium (MARQUES et al. 1966) .
Meiosis was examined in cytological preparations from testes of newly emerged males processed individually following the air-dry method originally described by IMAI et al. (1977) and adapted by MAT-SUDA et al. (1983) . Because a low number of cells at meiosis I and II were found in a given individual, a large number of flies (around 300 per sample) were processed. For the examination of mitotic chromosomes, cytological preparations on cerebral ganglia from third instar larvae of both sexes cultured at 25ºC were made according to the method of IMAI et al. (1977) and IMAI et al. (1988) .
RESULTS AND DISCUSSION

The mitotic chromosomes
As shown in Fig. 1 , Giemsa stained metaphase chromosomes of D. willistoni are characterised by two autosomal pairs and one heteromorphic sex chromosome pair in male cerebral ganglia cells, confirming the description reported by METZ (1916) and DOBZHANSKY (1950) . The large autosome pair is metacentric and corresponds to the second chromosome (II) while the other, about half that size, is acrocentric and corresponds to the third (III) chromosome. The second chromosome is slightly smaller than the X (Fig. 1a) , and both chromosomes show blocks of heterochromatin at pericentromeric regions. The X and Y chromosomes are well-distinguished by their size and centromere position (Fig. 1b) . The Y chromosome is smaller than the X chromosome, has the centromere on a sub-median position and is entirely heterochromatic. As stated by DOBZHANSKY (1950) the mitotic figures of D. willistoni do not show the dot chromosome; however, its existence was reported by METZ (1916) and WHARTON (1943) and was suggested as fused with the third chromosome by PAPACEIT and JUAN (1998) .
Stages of male meiosis
As in other species of Drosophila, the apical third of the testis in D. willistoni is largely occupied by cysts of growing spermatocytes (LINDS-LEY and TOKUYASU 1980) . Table 1 shows the data of the meiotic stages observed in the four male genotypes examined at control (25ºC) and restrictive (29ºC) temperatures. Our data indicate that at most, 45% of the males in a given male genotype showed any meiotic cell division, then in order to observe meiosis in adult males the examination of large number of individuals is required. The frequency of each of the two meiotic divisions at individual level is indicated in Table 1 . In general, our data suggest that the duration of meiosis I is greater than that of meiosis II. Similar results had been observed in the male meiosis of D. ananassae (HINTON and DOWNS 1975) Fig. 2 shows male meiotic chromosomes of D. willistoni. Under Giemsa staining, in large primary spermatocytes, the chromatin of chromosomes II and III is rendered into pachytene and early diplotene bivalents, and a steady association between the X and Y chromosomes. Bivalents remain relatively extended from diplotene through anaphase. As reviewed by COOPER (1950) , the Drosophila male autosomal bivalents, in both the rod-and V-shaped bivalents, "remain in parallel association except of the vicinity of the divergent kinetochores". In D. willistoni males, the autosomal bivalents also show the customary configuration described in other Drosophila. The metacentric bivalent corresponding to the second chromosome stands out as a large bivalent associated side by side along its entire length (Fig. 2e, f and g ), however, in early diplotene cells, the chromatids are associated at regular points showing chromosome twists and loops (Fig. 2c, arrow) . These loops may be characteristic inversion loops found in individual heterozygotes for gene arrangement as found in D. ananassae (GOÑI 1988) . The acrocentric bivalent is smaller than expected from the mitotic complement and, in early diplotene cells, the non-sister chromatids may dissociate at the procentric region (Fig. 2a) while they remain in parallel association in later diplotene (Fig. 2e) .
Meiotic chromosomes in control and experimental males
In all primary spermatocytes, the X and Y chromosomes associate by putative chromosome pairing sites located at the proximal centric region of the X chromosome and the pro-centric region of the short arm of the Y chromosome (Fig. 2e, f and g, see arrows). It has been proposed that the achiasmate conjunction of normal or inverted X chromosome with one or more Y chromosomes at meiotic prophase in D. melanogaster may be accounted for the localised, cohesive elements, or collochores on the X heterochromatin (Xh) and the Y chromosome (COOPER 1964) . More recent data indicate that the collochores consist, at least in part of the nucleolus organisers (NOs), suggesting that the X-Y pairing in Drosophila males is based on underlying DNA homology with the apparent exclusion of heterochromatic sequences other than that of the rDNA (see MCKEE et al. 1992) .
A peculiar morphological feature of the X chromosome was observed in early diplotene cells from F1 males offspring between WIP-4 and 17A2 reared at 29ºC. The distal region of the X chromosome (the one which does not associate with the Y chromosome) is seen as a thread-like bubble structure (Fig. 2b, c and d, see arrows) that collapses in late diplotene. The functional meaning of this transient structure in the X chromosome awaits further analysis. VLASSOVA et al. (1991) reported loop-like structures in particular regions of the metaphase chromosomes during early cleavage nuclei of D. melanogaster, suggesting that they probably correspond to regions of sister chromatid separation. These authors suggest that this morphological peculiarity of the mitotic chromosomes are presumably associated with the relative absence of transcription during the corresponding interphases, and may also be associated with the very rapid replication of the chromosomes at this stage.
No chiasma in diplotene cells and/or chromosome bridges and fragments in anaphase I cells (as indicative of a crossing-over in the inversion loop) were detected in 136 the primary spermatocytes of the hybrids examined (Table 1) . No apparent gonadal distrophy was observed in testis from these highly inversion rich males (data not shown) though REGNER et al. (1999) reported 14 to 20% gonad dystrophy in males hybrids from crosses between 17A2 and WIP-11A. Our data suggest that the restricted temperature treatment alone does not guarantee the occurrence of hybrid dysgenesis and/or male recombination in D. willistoni.
